Abstract-Variations in the transport current of a superconducting magnet cause several types of transitory losses. Due to its relatively short time constant, usually of the order of a few tens of milliseconds, interfilament coupling loss can have a significant effect on the coil protection against overheating after a quench. This loss is deposited in the strands and can facilitate a more homogeneous transition to the normal state of the coil turns. Furthermore, the presence of local interfilament coupling currents reduces the magnet's differential inductance, which in turn provokes a faster discharge of the transport current. The lumped-element dynamic electrothermal model of a superconducting magnet has been developed to reproduce these effects. Simulations are compared to experimental electrical transients and found in good agreement. After its validation, the model can be used for predicting the performance of quench protection systems based on energy extraction, quench heaters, the newly developed coupling-loss-induced quench protection system, or combinations of those. The impact of interfilament coupling loss on each protection system is discussed.
to the magnet transport current I m [A] and its self-inductance is constant. Losses, which affect the local magnetic field, prevent Φ from changing linearly with I m . Thus, they influence the effective differential self-inductance of the magnet, L d = dΦ/dI m [H] . Second, they generate heat in the superconductor, which facilitates the transition of coil sections to the normal state and the consequent increase of the coil resistance. A transition of a superconducting coil to the normal state induced by transitory losses is sometimes referred to as quench back [9] [10] [11] [12] .
Due to its relatively short time constant, typically of the order of a few milliseconds or tens of milliseconds, interfilament coupling loss can have a significant impact on a magnet discharge. Quantitative studies of the effects of transitory loss on the magnet's differential inductance and coil resistance allow improved simulations of quench protection discharges [8] , [13] , [14] . Accurate modeling of transitory losses are mandatory in order to satisfactorily simulate magnet discharges using the CLIQ (Coupling-Loss Induced Quench) method [15] [16] [17] .
A modeling technique named LEDET (Lumped-Element Dynamic Electro-Thermal) was recently proposed, which is based on the representation of coupling-loss effects by means of an equivalent network of lumped-elements [7] , [15] . The LEDET method is applied to efficiently simulate the complex electromagnetic and thermal transient occurring during a magnet discharge and assess the impact of inter-filament coupling loss on the quench protection performance.
II. INTER-FILAMENT COUPLING LOSS
Superconducting wires and strands are composed of superconducting filaments embedded in a matrix of stabilizer material, as shown in the example in Fig. 1 . When a varying magnetic field dB a /dt [Ts −1 ] is applied to a superconducting wire, a magnetic field B if [T] is induced, which opposes the applied magnetic-field change [1] [2] [3] , [19] . The resulting total magnetic field is the sum of the applied and induced magnetic fields, B t = B a + B if . The induced field is generated by local coupling currents between superconducting filaments, which flow through the resistive wire matrix and develop ohmic loss. In the case of multiple strands composing a cable, coupling currents through strand contact resistances also develop during transients [3] . Fig. 1 . Cross-section of the strand used in the cable of the outer layer of the LHC main dipole magnets [18] . (a) Photography. (b) Schematic representation [7] .
The inter-filament coupling currents develop with a characteristic time constant,
with l f [m] the filament twist-pitch, ρ eff [Ωm] the effective transverse resistivity of the strand matrix, and μ 0 = 4π10
the magnetic permeability of vacuum [3] , [4] . The effective transverse resistivity can be expressed as the product between the matrix resistivity ρ m [Ωm], determined by its residual resistivity ratio (RRR) and magneto-resistivity, and a parameter f eff depending on the superconductor fraction in the matrix, on the interface resistance between the filaments and the matrix, and on the position of the filaments in the wire cross-section [20] [21] [22] . In practical round wires, the superconducting filaments are often arranged in an annular region (see r in ≤ r ≤ r fil in Fig. 1 ), hence forming an inner core and an outer shell of stabilizer [23] . In the case of a round wire of radius r s [m], f eff can be expressed as [24] , [25] 
where α in = (r in /r s ) 2 and α fil = (r fil /r s ) 2 are dimensionless geometric parameters, and ρ eff ,fil [Ωm] is the effective transverse resistivity in the annular region. 1 The value of ρ eff ,fil /ρ m is comprised between the values
, and
with f sc,fil the fraction of superconductor in the annular filamentary region, in the case the superconducting filaments do or do not contribute to the transverse conduction, respectively [20] [21] [22] . The former case occurs for small interface resistance between the filaments and the matrix; whereas the latter occurs if the interface resistance is large. During transients with constant applied magnetic-field change, the power generated per unit of wire volume is [3] Fig. 2 . LEDET technique [7] , [15] . Schematic of the RL dissipative loops mutually coupled with the magnet self-inductance L m , modeling the interfilament coupling effects in one strand volume (
) and the inter-strand coupling effects in one cable volume (R is, j , L is, j , M is, j ).
During fast transients, i.e. when the magnetic field changes rapidly with respect to τ if , a more detailed characterization of P if is required [7] , [25] [26] [27] .
III. LEDET MODEL
The LEDET method allows modeling the electro-magnetic and thermal transients in a superconducting magnet by means of networks of lumped-elements [7] , [15] . This approach was used in a stand-alone application with the same name and in the TALES software [7] , [15] , [28] , [29] , and has been routinely validated against experimental results [15] , [30] [31] [32] .
The model is composed of three sub-networks simulating the coupled effects of electrical transients in the the magnet circuit, thermal transients in the coil turns, and coupling effects in the cable. The dynamics of coupling currents in different volumes of conductor are represented with arrays of RL dissipative loops coupled with the magnet self-inductance, as shown in Fig. 2 .
In general, any coupling-current mechanism occurring in a volume V cc [m 3 ] is characterized by a loss P cc [W] and an equivalent coupling-current I cc [A], described by the following two relations: ] characteristic parameters depending on the loss mechanism. The dynamics between the coupling current and the magnet transport current is described by the following equation [7] , [15] :
where the equivalent resistance R cc , self-inductance L cc , and mutual inductances M cc of the generic coupling-current loop are defined as:
with f m ,cc [TA −1 ] the magnetic parameters defining the applied magnetic field B a generated by the current I m in the volume V cc . The parameters f m ,cc are calculated by means of dedicated software, such as ROXIE [33] or SOLENO [34] . In first approximation, they are purely geometric. The parameters R cc , L cc , and M cc have been analytically calculated for the cases of inter-filament coupling currents in round wires and inter-strand coupling currents in Rutherford cables [7] , [15] .
The dynamics defined by (6) is reproduced by an equivalent RL loop mutually coupled with the magnet self-inductance. When the magnet current changes, the local current I cc arises and the energy dissipated in R cc equals the coupling loss generated in the volume V cc . For sufficiently long magnets, a 2D approximation is satisfactory. The coupling effects in a coil whose cross-section includes N s strands and N c cables can be reproduced by 2N s loops simulating inter-filament coupling currents developed in the strands in the two directions x and y perpendicular to the transport current (see Fig. 2) , and by N c loops simulating interstrand coupling currents in the cables (see R is,j , L is,j , M is,j in Fig. 2 ). The effects of additional coupling mechanisms can be simulated by including in the model other RL loops similar to those described in this section, described by characteristic R cc , L cc , and M cc .
IV. MAGNET QUENCH PROTECTION
Several mechanisms can lead to a transition to the normal state of a part of a superconducting coil, i.e. a quench [4] , [35] [36] [37] [38] . The goal of the magnet protection system is assuring a safe discharge of the magnet's stored energy after such an event [38] [39] [40] [41] . In Fig. 3 , a simple example of quench protection circuit is shown, including a magnet (L M ), a power supply (PS) with its by-pass diode (D), the circuit room-temperature resistance (R W ), usually due to the current leads, and an energyextraction system (EE). After quench, an electrical resistance R c [Ω] builds up across the coil sections that have transitioned to the normal state. Upon quench detection, the power supply is switched off and the energy-extraction switch is opened, thus resulting in a discharge of the magnet transport current with varying ramp rate,
where R EE and R w [Ω] are the resistances of the energyextraction resistor and of the circuit's warm elements, respectively, and where the voltage drop across D, usually much smaller than the other terms, is neglected. Note that both R c and L d are time-dependent. The effect of inter-filament coupling loss on the performance of different protection systems is assessed, using as a case study Fig. 4 . Comparison between measured and simulated currents during the discharges of the HL-LHC quadrupole model magnet at currents ranging from 20% to 50% of the nominal current, obtained by triggering an energy-extraction system (R E E = 30 and 90 mΩ), versus time.
the 150 mm aperture, two-layer, 12 T, Nb 3 Sn quadrupole magnet for the High Luminosity LHC (HL-LHC) upgrade [42] [43] [44] [45] .
A. Energy Extraction System
An energy-extraction system (see Fig. 3 ) features a switch that is opened after quench detection to divert the magnet current to a resistor, in which part of the magnet energy is deposited. A 1.2 m long model for the HL-LHC quadrupole magnet was tested at FNAL in the circuit configuration shown in Fig. 3 [46] . The magnet is discharged at initial currents I 0 [A] ranging between 20 and 50% of the 16.5 kA nominal current by means of an energy-extraction system with resistance R EE = 30 or 90 mΩ. In absence of transitory losses and quench, the magnet differential inductance would equal the nominal value of L 0 = 12.2 mH and the coil resistance would be nil during the entire discharge. Thus, the transport current would decay exponentially, following (8) 
However, inter-filament and inter-strand coupling currents and other transitory losses reduce L d and can initiate a transition to the normal state of parts of the coil, hence inducing a non-zero R c . As a result, the magnet discharges are significantly faster than pure exponential decays, as shown in Fig. 4 . The current discharges are simulated with the LEDET model described in Section III. In the absence of experimental data for f eff of the strand used in this magnet, it is found that a value of 0.75 provides the best agreement with the measured curves. As later explained in Section IV-C, this value is well within the range of values expected from the wire specifications.
The faster discharge is mainly due to the decrease of L d , especially in the first tens of milliseconds just after triggering the energy extraction. This conclusion is reached by calculating the experimental magnet differential inductance and the coil resistance The voltage across the magnet is the sum of the inductive and resistive contributions,
In the approximation of R c ≈ 0, the differential inductance is calculated as U M /(dI m /dt). However, the coil resistance simulated with LEDET can be used to improve the accuracy of this estimation, as in Fig. 5 , the experimental and simulated differential inductances during a 90 mΩ energy-extraction at 50% nominal current are compared.
The reduction of about 50% of the experimental L d just after triggering, reproduced quite well by the model, is due to two main contributions. First, L d is reduced by an amount ΔL iron [H] due to saturation of the iron-yoke surrounding the magnet, which depends on the current level. Second, L d is further decreased due to inter-filament and inter-strand coupling currents, whose effects decay with their characteristic time constants. In the present example, during the first 50 ms of discharge L d rapidly increases back towards the nominal self-inductance L 0 due to the decay of the coupling currents when dI m /dt is decreasing. The time-scale of the reduction is consistent with the inter-filament coupling-current time constants, estimated between 10 and 70 ms in the high-and low-field strands, respectively. The even higher experimental L d reduction in the first milliseconds after triggering is likely due to additional transitory loss mechanisms not included in the model, such as hysteresis in the superconductor and eddy currents in the magnet's copper wedges.
Interestingly, for a given magnet design the reduction of L d due to coupling currents just after triggering is almost independent of the initial current level and ramp-rate, filament twistpitch and strand effective transverse resistivity. Instead, it is determined mainly by the strand diameter and by the positions of the strands, which determine the magnetic parameters f m ,cc defined in (7) . The only dependence on the magnet current is due to the indirect effect of the iron-yoke saturation, which slightly affects the parameters f m ,cc . The experimental differential inductances observed during the tests, shown in Fig. 6 , exhibit very similar reductions, even if the ramp-rates in the tests differ by about one order of magnitude.
This result is explained by considering the differential inductance predicted by the model. From Faraday's law of induction, L d can be expressed as the ratio between the magnet inductive voltage and its current change, L d = U ind /(dI m /dt). In turn, U ind is calculated as the sum of the contribution of the magnet self-inductance and the mutual coupling with the 2N s + N c equivalent loops described in Section III, where ΔL iron [H] is the reduction of L d due to the saturation of the iron yoke surrounding the coil. Note that the mutual coupling components reduce U ind when the coupling currents start developing. Solving (6) for each loop, substituting into (10), and dividing by dI m /dt yields
At the moment of the EE triggering, all coupling currents are zero (I if ,x,i = I if ,y,i = I is,j = 0) and therefore the two latter 
, and M is,j . For this magnet design, the estimated contributions to the initial L d reduction due to inter-filament and inter-strand coupling currents, equal to the first two sums in (11), are 22 and 5% of L 0 , respectively, whereas ΔL iron varies from 6 to 13% of L 0 between 20 and 50% of nominal current. While the initial reduction of L d can be calculated analytically with good approximation, the speed with which L d recovers towards L 0 is influenced by the values of the coupling-current time constants. The time constants τ if in the strands depend on the effective transverse resistivity, which in turn is influenced by f eff and by the current level due to magneto-resistivity. Furthermore, if a transition to the normal state is induced by the transitory losses, the matrix resistivity increases abruptly due to ohmic heating, which accelerates the coupling-current decay process.
If the coil resistance during a discharge was calculated simply assuming
This approximation can lead to large errors, especially during the first tens of milliseconds of discharge. By substituting in (9) the time-dependent differential inductance simulated with LEDET, one can obtain a more accurate result,
The coil resistance developed during the 90 mΩ energyextraction at 50% nominal current is plotted in Fig. 7 .
Without implementing the correction, the experimental R c is overestimated by almost 100%. With the proposed correction, the simulated and experimental R c are in good agreement, with the exception of the time between t = 40 and 100 ms, when a 3% underestimation of the simulated L d (see Fig. 5 ) results in an insufficient correction of R c .
In many applications, it is of interest to assess which parts of the coil cross-section are subject to the highest deposited loss. In Fig. 8 , the distribution of the peak inter-filament coupling loss per unit volume generated in the strands during the discharge presented in Figs. 5 and 7 is shown. Predictably, highest coupling loss is developed in the strands located in the coil's inner layer, where the magnetic-field change is highest, while almost no loss is developed in the mid-plane outer turns, where the magneticfield change is very small.
B. Quench Heaters
Protecting high current-density, compact, long superconducting coils with an energy-extraction system would require very high voltages to ground, which are beyond safe limits of laboratory and accelerator equipment. Therefore, the quench protection strategy is based on actively transferring the superconductor to the normal state, hence forcing the discharge of the magnet stored energy with the coil resistance. A conventional method to achieve this relies on quench heaters, consisting of thin stainless steel strips in thermal contact with the insulation layer of the coil to protect. Upon quench detection, a current is introduced through the strips and heat is transferred to the coil turns via thermal diffusion.
The validated LEDET model can offer a quantitative estimation of the coupling-loss contribution to the discharge and provide realistic information to assess and optimize the protection system. This constitutes a significant improvement over models neglecting altogether the L d reduction and the transition of parts of the coil to the normal state due to transitory losses, which may result in overly pessimistic results.
The discharge of a full-scale 7.15 m long HL-LHC quadrupole magnet by means of quench heaters attached to the coil's outer layer is simulated. In absence of energy-extraction and given the very little room-temperature circuit resistance, the current is mainly discharged by R c . The currents and coil's hot-spot temperature T hot [K] after a quench at nominal current, simulated with and without coupling currents, are compared in Fig. 9 . As expected, the presence of coupling currents results in a faster magnet discharge, which in this example reduces T hot by more than 50 K. The discharge is influenced by the coupling currents only about 50 ms after triggering the protection system. This result can be explained by observing the simulated differential inductance and coil resistance, shown in Fig. 10 . As in the case of an EE discharge, L d is greatly reduced by the coupling currents developed immediately after the power-supply switching-off. Iron-yoke saturation, included in both simulations, reduces L d by 19% with respect to L 0 = 73.4 mH at nominal current, whereas inter-filament and inter-strand coupling losses reduce it by an additional 28%. However, the effects of inter-filament coupling currents decay in a few tens of milliseconds due to their short characteristic time constant and reduce L d mainly when the coil resistance is zero or very small. Inter-strand coupling currents last about ten times longer and reduce L d during the entire discharge, but their contribution is only 4% of L 0 . Thus, it can be concluded that coupling currents induce a faster discharge mainly due to the more rapid increase of R c . In fact, coupling losses generated in the conductor speed up the heating process and result in a faster transition to the normal state, and hence higher R c . 
C. CLIQ
A different active quench heating mechanism is based on the CLIQ system [15] [16] [17] , successfully tested on magnets of different geometries, superconductor types, and sizes [30] [31] [32] , [47] , [48] . This method consists in introducing oscillating opposite current changes in different coil sections by means of a capacitive discharge through terminals connected to the coil to protect, as shown in the simple scheme in Fig. 11 . The oscillating currents I A and I B [A] generate magnetic-field changes, which in turn develop high coupling losses in the superconductor.
For practical magnet self-inductances and CLIQ unit capacitances, the introduced current I C [A] usually oscillates at a frequency between 10 and 100 Hz. In this frequency range, interfilament coupling loss is generally the most effective means to quickly deposit energy in the coil and transfer it to the normal state due to its short characteristic time constant. Besides, the presence of inter-filament coupling currents reduces significantly the differential inductance.
This section gives a brief overview of the effect of coupling currents on CLIQ performance and the simulation capabilities of the LEDET model. We refer to [15] for a more complete treatise. As a case study, the same HL-LHC full-size magnet described in the previous section, protected by one 1 kV, 40 mF CLIQ unit connected as described in [13] , [14] , is analyzed here. For the strand used in this magnet, f eff is estimated between 0.14 and 6.96 using (2) and the extremes defined in (3), with α in = 0.068, α fil = 0.689, and f sc,fil = 0.749.
The simulated currents in the coil sections and those introduced by CLIQ are plotted in Fig. 12 , for three different values of f eff . The lower the effective transverse resistivity, the higher inter-filament coupling currents develop, and hence the more they reduce the differential inductance. Thus, for lower f eff the introduced current oscillates more quickly and reaches a higher peak. On the contrary, the most effective energy deposition is achieved for an intermediate value of f eff . As can be observed from (1) and (4), the effective transverse resistivity is inversely proportional both to the inter-filament coupling loss and to their characteristic time constant. Thus, in strands with low ρ eff more inter-filament coupling loss is developed, but more slowly, and vice versa. Both cases of minimum and maximum f eff result in higher hot-spot temperature than the case f eff = 0.75, as shown in Fig. 12 .
The range of f eff within which good CLIQ performance is achieved is relatively wide. This result can be observed in Fig. 13 , where the simulated hot-spot temperatures are plotted as a function of f eff . For f eff in the range 0.5 to 3, T hot varies less than 10 K. For the minimum and maximum estimated f eff , the increase of T hot is about 50 K.
The initial frequency f CLIQ [Hz] and peak value of the oscillating current I CLIQ,peak [A] are affected more significantly by f eff . Both parameters are higher than the values calculated in absence of transitory losses, f CLIQ = 10.2 Hz and I CLIQ,peak = 2.3 kA.
V. SUMMARY AND OUTLOOK
Transitory losses developed during the discharge of a superconducting magnet can significantly affect its protection against the effects of a quench. Inter-filament coupling currents often influence the discharge dynamics due to their short time constant, usually of the order of a few milliseconds or tens of milliseconds. These currents reduce the magnet differential inductance due to the local magnetic-field changes they induce in the conductor. Furthermore, the coupling losses generated in the conductor increase its temperature and can cause a transition to the normal state during the discharge. The influence of inter-strand coupling currents is usually more limited due to the longer time-constant characterizing their development.
The model developed with the LEDET technique provides a quantitative estimation of the coupling current effects. The method relies on a network of lumped-elements that reproduces the coupling-current dynamics and can be solved simultaneously to conventional electrical and thermal networks. After its validation, the model is used to study the effects of inter-filament and inter-strand coupling currents on different magnet quench protection systems.
In the case of an energy-extraction system, coupling currents are often relevant for the system dynamics. Immediately after triggering the extraction, coupling currents reduce the magnet differential inductance by an amount that can be reliably estimated with the LEDET technique. Moreover, the loss developed in the conductor can cause a transition to the normal state, which further increases the discharge velocity.
In the case of a protection system based on quench heaters, the reduction of magnet differential inductance due to coupling currents usually does not improve the quench protection performance significantly. In fact, the differential inductance reduction occurs at a time when the coil resistance is nil or very small, hence the effective current change is very limited. However, coupling losses contribute to the heating of the conductor and speed up its transition to the normal state, which in many practical cases results in a significant reduction of the coil's hot-spot temperature at the end of the discharge.
In the case of a system relying on CLIQ, the transition to the normal state is induced by utilizing coupling losses as an heating mechanism. The quench protection performance is mostly independent of the effective transverse resistivity. In fact, in lower-resistivity wires higher inter-filament coupling currents are developed, but with a higher characteristic time constant, and the two effects compensate each other. On the contrary, the oscillating current introduced by CLIQ is influenced significantly by the effective transverse resistivity. Coils with lowerresistivity wires develop higher inter-filament coupling currents, which results in a higher inductance reduction, and hence higher oscillating frequency and peak introduced current.
The LEDET model can be used as an efficient tool to simulate the complex electro-magnetic and thermal transient occurring during a magnet discharge and assess the impact of inter-filament and inter-strand coupling losses on the quench protection performance.
